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ABSTRACT 
The conformational changes that can be induced m the fibrous protein of human 
epidermis, hair, and nail were studied. The a-fibrous protein of epidermis changes to a 
cross-(3 configuration when heated to 85° C in water, but hair and nail proteins remain in 
their initial a-helical configuration with this treatment. The natural cross-(3 fibrous protein 
of epidermis cannot be converted to an a conformation . Slow extension of epidermis without 
heating results in the formation of a parallel-(3 structure. The cross-(3 conformation when 
formed in intact tissue was stable to a variety of experimental procedures, but some 
interconversion between parallel-(3 and cross-(3 conformations was possible. The reasons for 
the differing stability of the a -configuration in hair, nail, and epidermis appear to be related 
to the number and nature of disulfide bonds and other cross-links. 
An extensive literature has accumulated on the 
various molecular transformations of the fibrous 
proteins of hair, adding significantly to our under-
standing of its macromolecular structure [1-3]. 
Although numerous ultrastructural [4] and chem-
ical [5-8] studies of the epidermis have been car-
ried out, only limited information is available on 
conditions necessary for structural conversion of 
its fibrous proteins [9, 10 ]. 
Normal epidermis and stratum corneum con-
tain two fibrous proteins, one with an a-helical 
conformation and another with a cross-(3 struc-
ture. The latter is a minor component represent-
ing 5-10 percent of the fibrous protein and cannot 
be detected in x-ray diffraction patterns of un-
treated tissue. These proteins in addition to their 
distinctive molecular conformations have differ-
ent amino acid compositions [5, 6]. 
When human epidermis and stratum corneum 
are heated in water, there is a conversion of the 
a-fibrous protein to a cross-(3 structure [9, 10] and 
an accompanying isometric contraction. Both of 
these occur between 78 ° C and 85 ° C [9]. The 
behavior of the epidermal a-fibrous protein is 
markedly different from that of wool in which the 
a-fibrous protein is unaffected by such heating 
and only altered at 130° C or higher [11]. After 
heating at 130° C, the fibrous protein of wool has a 
partially oriented parallel-(3 structure [11] and 
conversion of the a-protein of wool to a cross-(3 
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conformation requires the use of a urea-bisulfite 
solution [12]. 
The purpose of this report is to present addi-
tional physicochemical data on the cross-/J modifi-
cations of the epidermal a-fibrous protein and to 
clarify the relationship between the naturally 
occurring {J conformations and those that can be 
induced by physical means. 
MATERIALS AND METHODS 
Stratum corneum was obtained from palms by cutting 
thin sheets parallel to the surface with a single-edged 
razor. Tops of blisters resulting from drug eruptions were 
excised and washed in water. All specimens were stored 
and prepared for use as previously described [9]. 
Heating of specimens was done in a constant-temper-
ature water bath. Heating stratum corneum at 85° C for 
5 min resulted in conversion of the a pattern to a cross-{3 
one whether the specimen was free or held under tension. 
Specimens were stretched at a rate of 5 percent per hr in 
a specially designed apparatus that permitted extension 
while the specimen was immersed in water at room 
temperature [13]. Conversion of the a pattern of stratum 
corneum to a parallel-{3 one could first be detected after 
40 percent extension. X-ray diffraction studies were 
performed on dry specimens using nickel-filtered copper 
K 0 -radiation (X = 0.54 A) at 40 KV at a specimen-to-film 
distance of 1.50 em. The a-fibrous protein was extracted 
from epidermis in .1M TRIS, pH 9.0, with 6 M urea and 
.I M mercaptoethanol as previously described [6]. 
RESULTS 
Formation of cross-(3. X-ray diffractions of un-
stretched stratum corneum heated in water at 85° 
C for 5 min and then dried without stretching 
showed an unoriented, radially sharp ring at 4.65 
A and an unoriented halo at about 10 A. After 
extension of this specimen in water (25° C) by 40 
percent, a typical cross-(3 diffraction pattern con-
sisting of sharp meridional reflections at 4.65 A 
and equatorial arcs at 9.8 A was obtained . The 
same results with the formation of -cross-(3 x-ray 
diffraction patterns were obtained if the specimen 
was extended by 40 percent prior to heating at 85° 
C. Human hair and nail heated in water at·85° C 
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for 1 hr showed only an a-pattern. When these 
tissues were heated in water at 130° C in an 
autoclave for 1 hr a poorly oriented parallel-/3 
pattern was observed by x-ray diffraction analysis. 
Formation of parallel-{3. Stratum corneum 
could be stretched in water at room temperature 
to almost twice its initial length if the extension 
was done at a very slow rate (5%/hr). X-ray 
diffraction patterns of specimens dried in the 
extended state following such treatment showed 
equatorial reflections at 4.65 A and 9.8 A, indicat-
ing a parallel -/3 structure. 
Reversal of cross-{3 to a . A number of procedures 
were tried to convert the cross-/3 formed by heat-
ing to an a-conformation . Soaking the tissue in 
water for one week at varying pHs (3 to 9) had no 
effect. Similarly, treatment with urea or guani -
dine or mercaptoethanol did not bring about 
reversal of the cross-{3 structure. Urea and mer-
captoethanol could not be used together on intact 
tissue since this treatment dissolved the fibrous 
protein. Cuprammonium hydroxide could not be 
tested because the tissue also disintegrated in that 
solvent. When the tissue was solubilized with 8 M 
urea and .1 M mercaptoethanol and oriented 
fibers were prepared from the dissolved protein, 
the regenerated filaments showed only an a-pat-
tern. These filaments could be converted to a 
cross-/3 structure by heating in water at 85° C for 5 
min, and this could not be reversed by any of the 
procedures listed above. 
Interconuersion of cross-{3 and parallel-{3. Ex-
tension of tissue showing a well-oriented cross-/3 
pattern to the breaking point in water did not 
result in the formation of a parallel-/3 structure. 
However, when tissue which had been stretched to 
a parallel-/3 structure was soaked in water at 85° C 
for 5 min both a cross-/3 and parallel-/3 configura-
tion was observed. Although the change in the 
relative intensity of the various reflections sug-
gested a conversion of parallel-{3 to cross-/3, it is 
possible that the cross-/3 was formed from re-
sidual a remaining in the specimen. 
Response of solutions of a-protein to heat. The 
a-fibrous protein isolated from human stratum 
corneum was dissolved in .1M TRIS, pH 9.0, with 
.1 M mercaptoethanol and 6 M urea and heated at 
85° C for 10 min . Fibers regenerated from this 
solution showed an a-pattern and no cross-/3. 
Stability of the natural cross-{3 of stratum 
corneum. The natural cross-/3 protein of human 
stratum corneum [5] was dissolved in .1 M TRIS, 
pH 9.0, with 6 M urea and .1 M mercaptoethanol 
and the solution was allowed to stand at room 
temperature for 24 hr under nitrogen or heated at 
50° C for 2 hr. X-ray diffraction patterns of fibers 
regenerated from either treatment showed a 
poorly oriented cross-/3, with no evidence of an 
a-pattern. 
DISCUSSION 
The a-fibrous proteins of epidermis, hair, and 
nail undergo a major conformational change when 
heated. The fibrous proteins change from an 
initial a-helical conformation, in which-C=O · · · 
H-N- hydrogen bonds are formed between 
C=O and N-H groups of the same polypeptide 
chain (i.e., \ intrachain), to a {3-conformation, in 
which the hydrogen bonds are formed between a 
C=O group \On one chain and an N-H group 
on an adjacent chain (i.e., interchain). However, 
the epidermis, hair, and nail fibrous proteins 
differ with respect to the type of /3-crystalline 
element formed with heating, the reversibility of 
the conformational change, and the temperature 
at which this change occurs . 
In the a-conformation, the polypeptide chains 
form intrachain hydrogen bonds, and individual 
polypeptide chains are parallel to each other. The 
a-conformation of keratin is the predominant one 
in the fibrous proteins of normal hair, nails, and in 
epidermis, although the latter normally contains a 
small percentage of a cross-/3 protein. 
The a-fibrous proteins in keratinized tissues can 
be converted into either parallel-/3 or cross-/3 forms 
of the Pauling-Corey pleated sheet structure. 
These /3 conformations have the same basic mo-
lecular structure in which the peptide chains are 
extended (and nonhelical) but differ in the orien-
tation of the polypeptide chain axis with respect 
to the filament axis . In the parallel-/3 conforma-
tion the polypeptide chains are parallel to the 
filament axis (Fig. 1a). In the cross-/3 conforma-
tion , however, the peptide chains are folded on 
themselves so that the segments of the chains are 
parallel to one another but perpendicular to the 
overall filament axis (Fig. 1b). Polypeptide chains 
perpendicular to the filament axis (cross-/3) are 
most likely to occur when very short portions of 
polypeptide chains aggregate in a side-to-side 
fashion. 
The cross-{3 configuration of heated human 
epidermis appears to be very stable and could not 
be reversed by a variety of treatments. This 
observation is in contrast to the results of Rudall, 
who found that epidermin fibers isolated from 
cow-snout epidermis could be converted from 
cross-{j to a by treatment with 6 M urea. However, 
in Rudall 's experiments the epidermal protein was 
solubilized without reducing agents, and consisted 
primarily of fractions lacking significant amounts 
of disulfide bond cross-links. In our experiments 
the a-structure reappeared only when the fibrous 
proteins were solubilized with urea and disulfide-
reducing agents and artificial filaments recon-
stituted. Although a urea-soluble a-protein occurs 
in human epidermis it represents a small percent 
of the total fibrous protein, and changes in its 
structure could not be detected in x-ray diffraction 
patterns of whole tissue . Our results are similar to 
those observed for the cross-/3 structure produced 
in hair in that cqnversion to the a-configuration 
required reduction of the disulfide bonds. The 
cuprammonium hydroxide treatment which was 
used for hair could not be tested with epidermis as 
the tissue disintegrated. The cross-/3 of epidermis 
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FiG. 1. In the 13-conformations polypeptide chains are extended (nonhelical) and are regularly arranged with 
respect to one another in stretch-oriented tissue. The chains can be considered to exist in sheets which are 9.8 A apart 
while the peptide chains within the sheets are 4.65 A apart. Four chains are shown in the upper right -hand corner of 
the figures. The 6.6 A periodicity along the chains is not regular or crystalline enough to be associated with a sharp 
reflection. In the parallel- 13 conformation (la), the chains are so arranged that the 4.65 A and 9.8 A reflections both 
appear on the equator, while in the cross-{J conformation ( lb) , the 4.65 A reflection is on the meridian and the 9.8 A 
reflection on the equator. 
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could not be converted to a parallel-{j by stretching 
to the breaking point, again similar to the situa-
tion in hair but different from the Chrysopa cross-{j 
which forms parallel-{j with stretching [14]. The 
parallel-{j formed by stretching epidermis did 
appear to be converted to the cross-{j by heating. 
The data, however, must be taken with some 
reservation since conversion of residual a remains 
a possibility. 
When a solution of the a-protein in a buffer 
containing urea and a reducing agent is heated, 
only the a-configuration is observed when fibers 
are drawn from the protein in solution . Presuma-
bly this occurs because the protein exists as a 
random coil in solution and a stable {j structure 
cannot be formed as happens with intact tissue. It 
may be argued that during the conversion of 
stretched epidermis from a parallel-{j configura-
tion to a cross-{j one by heating at 85° C, a random 
coil exists as an intermediary stage. 
Finally the natural cross-{j protein isolated from 
epidermis cannot be converted to either an a- or 
parallel-{j structure. This failure of conversion has 
also been observed in another natural cross- {j 
protein [15) and is not peculiar to the epidermal 
cross-{j protein. This strongly suggests that the 
epidermal cross-{j protein is a distinct entity, and 
not merely an irreversible denatured form of the 
a-keratin. Data showing consistent differences in 
amino acid composition of the two fractions [5, 6) 
support this concept. 
A reasonable explanation for the different be-
havior of hair and epidermis with heating may be 
sought in examining the number and type of 
disulfide bonds and other cross-links [1). The 
structural proteins of epidermis contain about 2 
residues of 1/2-cystine per 100 residues while hair 
contains about 12/100 [1). This difference in 
amino acid composition results primarily from the 
presence in hair of a matrix protein rich in cystine 
which stabilizes the entire macromolecular struc-
ture by disulfide cross-linkages. The higher melt-
ing temperature of hair undoubtedly results from 
this complex. Why the cross-{j structure does not 
form in hair and nail heated to 130° C is not as 
clear, but presumably there are more restrictions 
to rearrangements and folding of the fibrous 
molecules in these tissues compared with epider-
mis. Hair and nail have a much higher modulus of 
elasticity than epidermis, which again suggests 
much more cross-linking of the former tissues. 
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